Despite the extensive archaeological surveys carried out in the last decades, little attention has been paid to one of the longest water supply systems of ancient times -the Byzantine water infrastructure which fed Constantinople from the mid-late fourth century AD. This work uses modern satellite terrain data and Global Positioning System (GPS) data to assess this system and provide an improved description of its route, total length and gradient profile. Forty-four validated GPS Control Points were correlated with ASTER GDEM V2 digital satellite data and archaeological information in a Geographic Information System (GIS) environment. We concluded that the total length of the water supply system was 426 km, and possibly even 565 km if the fifth-century aqueduct continued in parallel all the way to Constantinople rather than merging with the fourth-century aqueduct. The gradient of the channels varied across their length, being steepest near the spring sources, with a gradient mostly in the region of 5 m/km, and flattest at around 0.4 m/km in the most downstream section nearest the City. This reconstruction of the gradient profile provides valuable insight into the physical characteristics of the system, allowing future study of its hydraulic function.
contour maps of Turkish Thrace produced by the British Army in 1944, ought to be reassessed using more recent data and software.
Moreover, very little is known about the gradient of the aqueducts, which governs their hydraulic function. So far, only an average gradient of 0.6-0.7 m/km has been proposed for the entire water supply system (Çeçen , p. 208; Crow et al. , p. 121) . This average slope ought to be defined in much greater detail in the light of the latest archaeological findings. It is known that the gradient profile of Roman aqueducts was typically irregular, mainly as a result of travelling through valleys, hills and plains, but possibly also due to design strategies to regulate the flow for hydraulic purposes (Hodge , (216) (217) (218) (219) (220) (221) . Therefore a fuller understanding of Constantinople's water supply system will hugely benefit from the knowledge of local variations in slope occurring across its length.
This study discusses the integration of the latest archaeological surveying and satellite terrain data into a Geographic Information System (GIS) environment, with the aim of providing an improved description of the aqueducts' route, quantifying their length and reconstructing their gradient profile, so as to support future investigations into the hydraulic behaviour of the system.
STUDY AREA
The Byzantine water supply system of Constantinople covered a vast area extending from the historic peninsula on the Bosphorus to the north-western district of Vize in the province of Kırklareli (Figure 1 ). The system roughly developed on a NW-SE axis, the most upstream fifth-century aqueduct bordering the south of the Istranja mountain In total, 93 bridges have been identified along the system, either from the fourth-or fifth-century phase (Snyder ); these range from small single-arch bridges to monumental structures, which mainly survive from the fifth-century expansion.
Global Positioning Systems (GPS) were used during previous surveys undertaken by Crow and his team; more information on these can be found in Maktav et al. () .
The recorded GPS points track the location of 38 bridges and 27 channel sections along the entire system.
The best preserved and most documented part of the water supply is to the east of Danamandıra. From the Ballıgerme Bridge, the fourth-and the fifth-century lines ran in parallel, but at different elevations, for a length of c. 51 km, gradually converging to the same level around Kalfaköy, some 140 km before the aqueduct entered Constantinople at the Theodosian Walls. Whether the two lines continued side by side from Kalfaköy to reach the City, or instead merged into a single channel has not been resolved. Given the occasional wider channel observations in the Tayakadın area and the hydraulic constriction that would result from combining the two channels into one relatively narrow conduit, we are inclined to believe that parallel channels from Kalfaköy to the City could have been a more reasonable arrangement, as was originally suggested by Crow (, p. 273) .
Digital Elevation Model (ASTER GDEM V2)
A Digital Elevation Model (DEM) was required to reproduce the topographical features of the study area. The ASTER tiles N41E028 and N41E029 have been mosaicked into a single scene to cover the full extent of the study area. The mosaicked original DEM was resampled to a cell resolution of 10 × 10 m with the creation of a Triangulated Irregular Network (TIN), which was then converted into a raster format. The latter was used as the terrain elevation model for the current study.
Data integrations and GIS analysis
A series of selected Control Points and the terrain DEM have been georeferenced using ArcGIS 10.1 (ESRI) to trace the 3D route of the water supply system. The data integration process adopted can be synthesised into the following steps.
Identification of Control Points
A total of 22 Control Points was identified for each of the fourth-and fifth-century lines (44 in total); these have been used as benchmarks for the reconstruction of the aqueducts' route. The Control Points were selected from among the GPS survey data, where the recorded elevation was in good agreement with the topographical altitude from the DEM. In order to exclude possible sources of error, the elevation of the Control Points was assessed case by case by comparing it with the terrain data, and with photographic and textual documentation of the surviving evidence; as such, only a subset of all the GPS points available was considered sufficiently accurate to be used as benchmarks in the GIS analysis. The distribution of the Control Points along the aqueducts varies according to the availability of field data: in the best documented section between Ballıgerme and Kalfaköy, the average distance between benchmarks is in the region of 7 km; overall, the minimum distance between Control Points is in the region of 1-2 km, while the maximum ranges between 10 km and 40 km depending on the aqueduct section.
Reconstruction of the route between consecutive Control Points
For each section between two consecutive Control Points, the channel route was traced following the contour lines of the DEM. Then, given that the difference in elevation is known, the gradient of each section was calculated. Whilst there is no guarantee that the channel did, in fact, have a uniform gradient between any two given Control Point locations, the selected locations are assumed to be a reasonable guide in identifying the extent of the changes in gradient along the aqueduct lines.
Reconciliation of the line against known bridges
Accounts of existing bridges have been used, where available, to verify the proposed route of the lines. The positioning of a bridge is validated by comparing its observed dimensions, i.e. the maximum height and top length, against the topographical data of the surrounding terrain. A discussion of this method is presented in Case Study 2 below.
Assumption of a typical gradient for tunnels
A number of tunnels are present along the network, where the channel could have only continued by passing beneath a ridge, a feature common in Roman aqueduct systems (Hodge , . Whilst in some cases the tunnels' location can be clearly identified by looking at the terrain topography, little archaeological evidence is available, hence tunnel lengths and gradients had to be estimated. It is believed that tunnels were normally built with a steeper slope to reduce sedimentation problems, since the cleaning operations were more difficult in tunnels than elsewhere (Hodge , p. 217) . To take this into account, a slope of 1 m/km (0.001) was postulated for all the tunnels along the line, this being generally steeper than the average gradient of the channels.
The following assumptions were made prior to performing the GIS analyses. Firstly, it was postulated that the route of the water supply lines can reasonably be traced at ground level, where this represents the invert (bed) gradient of the channels. The normal course of Roman aqueducts followed the natural contours of the land, on or just below the surface, since channels were typically built in low trenches, afterwards being covered over to protect them (Hodge , . In such cases, it is reasonable to assume that the channel invert level is merely shifted underground by a constant height (that is the channel height, plus the vault thickness and soil covering), this being why its bed gradient would be the same as at ground level -with the exception of structures like bridges, tunnels or raised channels.
Secondly, it was assumed that the modern topographical data are a fair representation of the terrain in the fourth and fifth centuries AD, neglecting the effects of anthropic modifications and/or possible landscape modifications due to past seismic events or dissolution of limestone. In fact, it is likely that such topographical variations would not be captured within the vertical accuracy of the adopted DEM; in addition, the use of Control Points logged in the last decades justifies the use of modern terrain data as a base map.
RESULTS
The lengths of the fourth-and fifth-century lines obtained from our analysis are shown in Table 1 similarly to the fourth-century line, the gradient is found to decrease as the channel continues downhill. In particular, the gradient of the furthest upstream section V-1 is on aver- City. This study significantly expands prior work on the Byzantine water supply system, by proposing a robust characterisation of length and gradient, and providing the framework for future studies to assess its hydraulic function.
